Objective: Examine the effect of gender on plantar loading during three football-specific tasks. Design: Thirty-four athletes (17 men, 17 women) ran an agility course five times while wearing the Nike Vitoria hard ground cleat. Plantar loading data were recorded during a side cut, a cross-over cut and a forward acceleration task using Pedar-X insoles. Setting: Controlled laboratory study. Participants: No history of lower extremity injury in the past 6 months, no previous foot or ankle surgery, not currently wearing foot orthotics and play a cleated sport at least two times per week. Main outcome measurements: Contact area, maximum force and the force-time integral (FTI) in the medial and lateral midfoot, medial, middle and lateral forefoot as well as the hallux. A univariate ANCOVA (a = 0.05) was performed on each dependent variable (covariate was course speed). Results: Significant gender differences existed in the force and force-time integral beneath the lateral midfoot and forefoot during the cross-over cut task as well as in the middle forefoot during the side cut task with the men demonstrating an increased force. No significant differences existed in the loading on the medial side of the foot during any tasks.
With approximately 200 000 professional and 240 million recreational players worldwide, football is one of the most popular sports in the world. With the increasing popularity of football, the injury incidence is high with previous literature reporting a performance-limiting injury every 0.8 to 2 matches in competitive football. 1 Previous literature has also reported that athletes who participate in sports involving running, jumping and cutting are at risk for ankle 2 and forefoot injuries. 3 Football has been gaining popularity over the past few years especially among women in the United States, where 43% of the players are female, which is nearly double the percentage worldwide.
Stress fractures are a common sports injury; accounting for approximately 10% of all injuries. 4 5 Previous literature has indicated that stress fractures remain a common problem in football with 9 of the 24 members of the 1994 US National World Cup Football team being diagnosed with a stress fracture. 6 In a previously published case study of 23 fifth metatarsal fractures, 35% of the fractures were sustained while playing a cleated sport, however, only six of the stress fractures were reported in women. 7 Gender differences in the incidence of stress fractures has been examined in a military population when the men and women were undergoing the same training. This work by Protzman and Griffis 8 indicated that women can develop up to 10 times as many stress fractures when compared to men; however, the location of the stress fractures was not reported. Sallis et al 9 reported that women sustained significantly more foot injuries then men, however, when specifically examining football injuries men tended to have an increased number of foot injuries.
In-shoe plantar pressure measurements have previously been used in both patient and normal populations to determine the effect of changing shoe parameters on pressure and thus the force beneath the foot during different tasks. Two previous studies have examined plantar pressure and plantar loading during football-specific tasks as well as on football-specific playing surfaces, but neither of these studies examined gender differences in loading patterns during these activities. 10 11 Gender differences in plantar loading have been previously examined in various populations in order to determine the apparent increased injury risk when comparing genders. 12215 These previous studies have identified that gender differences exist in loading beneath the hallux 12 15 ;however, the rest of the foot did not appear to demonstrate significantly different plantar pressure distribution patterns when comparing genders. 13 14 Gender-related differences that may be responsible for the gender disparity in various lower extremity injuries have been previously investigated. These investigations have examined knee joint kinematics and kinetics during running, cutting and jumping as well as differences in muscle activation patterns with no consistent results being reported. 16218 Previous literature has indicated that during cutting women demonstrated a significant increase in knee abduction angle at initial contact, as well as a significant increase in maximum ankle eversion angle and a decrease in knee flexion angle at heel strike when compared with men. 17 19221 In addition to gender differences during cutting, previous literature has indicated that during running women tended to demonstrate an increase in knee abduction angle during the stance phase when compared to men. 18 With these known gender differences in lower extremity kinematics and the differences in stress fracture incidence between genders, the goal of this study was to assess the plantar pressure differences between genders during different football-specific tasks. Understanding the gender differences in plantar pressure patterns in cleated sport athletes may give some insight into the etiology of different injury patterns. Based on the gender differences in kinematics that have been previously reported during cutting, this study examined three football-specific tasks: a cross-over cut, side cut and forward acceleration during the completion of a slalom-style agility course. We hypothesised that significant differences would exist between genders in the midfoot (medial and lateral), in the three forefoot regions (medial, middle and lateral) as well as beneath the hallux. Based on the kinematic differences between genders during the side cut task and running, we hypothesised that women would demonstrate an increase in loading beneath the medial midfoot and forefoot when compared to men. In addition, during the forward acceleration we hypothesised that we would also see an increase in loading beneath the hallux in the female athletes based on the previous gender differences that have been reported during walking. However, during the cross-over cut task, we hypothesised that the men would demonstrate an increase in loading in the lateral midfoot and forefoot, which could potentially explain the increase in fifth metatarsal stress fractures seen in male athletes.
METHODS
A total of 34 subjects (17 men, 17 women) were tested (table 1). Subjects were excluded if they had a history of lower extremity injuries within the past 6 months, an anterior cruciate ligament (ACL) reconstructive surgery within the past 3 years or did not play football at least two times per week. The subjects participating in this study were a mixture of recreational and collegiate football players. In addition, subjects were required to be physically active, which was operationally defined as participating in physical activity at least three times per week for approximately 1 h each time. Each subject was asked to read and sign an informed consent form, which was approved by the university institutional review board.
A Pedar-X in-shoe pressure measurement system (Novel, St. Paul, MN, USA) was used to collect plantar pressure data. The insoles, which covered the entire plantar surface of the foot, were placed bilaterally inside the subject's shoes. The plantar pressure data were sampled at 100 Hz via Bluetooth technology. All insoles were calibrated prior to data collection (Novel, St. Paul, MN, USA). Subjects were fitted with the appropriate size shoe and insole. All testing was completed in the Nike Vitoria hard ground (HG) boot, with 25 moulded cleats (fig 1) . The agility course used for testing was approximately 11.5 m long and 1.8 m wide (fig 2) . Running of the agility course was demonstrated for each subject prior to data collection. Participants were allowed three practice trials prior to data collection. The first task, straight acceleration, was collected during the initial three steps (combined left and right feet) from the start of the agility course. The second task was a side cut task, which consisted of a right foot plant around the second flag moving towards the left ( fig 3A) . The final task was a crossover cut, which was performed as the subjects rounded the final flag in the agility course ( fig 3B) . The cross-over cut was defined as a left foot plant with the right foot crossing over the left, while the subject moved towards the left. Subjects were asked to complete the agility course five times at a sub-maximum speed in order to reduce the risk of injury, while plantar pressure data were collected; subjects were given a 1 min rest between trials.
In order to analyse the in-shoe pressure data, the foot was divided into eight anatomical regions (heel (rearfoot), medial midfoot, lateral midfoot, medial forefoot, middle forefoot, lateral forefoot, hallux and the lesser toes) using a percentage mask (fig 4) in the Novel Multiproject-ip software (Novel). 10 11 22224 The plantar pressure variables that were obtained for each subject and each task were the force-time integral, maximum force, contact time and contact area. The five trials for each subject were averaged and used for statistical analysis. The maximum force was normalised to each subject's body weight (BW), in order to facilitate statistical comparisons between genders. In addition, the contact area of the entire foot and each foot region was normalised to the entire insole contact area and are reported in units of normalised insole contact area (NICA). 10 Previous literature has indicated that movement speed can influence plantar loading, 25 26 therefore all of the statistical comparisons were co-varied for course speed in order to account for the fact that the men (14.45 (SD 1.20) s) completed the agility course significantly faster than the women (15.77 (1.00) s) (p,0.05). Therefore, all of the plantar pressure data were analysed using a one-way ANCOVA to determine if significant gender differences existed (a = 0.05). While the foot was divided into eight anatomical regions, the only regions of interest for this study were the medial and lateral midfoot, the medial, middle and lateral forefoot, and the hallux. The three athletic tasks were not statistically compared Values given are mean (SD). Figure 1 Hard ground cleat used for plantar pressure and performance testing.
to each other as previous literature has indicated that the plantar pressure distribution patterns during these three tasks are significantly different from each other; instead statistical comparisons focused on gender differences.
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RESULTS
Side cut task
Statistical analyses revealed loading, contact area and force-time integral differences between genders during the side cut task ( fig 3A) in several of the examined foot regions. The contact area in the lateral midfoot (p = 0.031) and the lateral forefoot (p = 0.035) were significantly different between genders (table 2) . In addition, the force-time integral (p = 0.017) and the maximum force (p = 0.021) were significantly different between genders in the middle forefoot (table 2) . For each of these differences the men demonstrated a significant increase when compared to the women ( fig 5) .
Cross-over cut task
During the cross-over cut task (fig 3B) , significant differences existed between genders in the force-time integral and the maximum force ( fig 6) . The force-time integral was significantly different between genders in the lateral midfoot (p = 0.017) and in the lateral forefoot (p = 0.001), while the maximum force was significantly different between genders in the lateral forefoot (p = 0.023) (table 3). For each variable and each foot region the values in men were considerably greater than those in the women.
Forward acceleration task
During the acceleration task significant differences existed between genders in the total foot maximum force (p = 0.008) and the total foot contact area (p = 0.004). Both the normalised maximum force and the normalised contact area were significantly increased in male subjects when compared with female subjects (table 4) . In addition, significant differences in contact area, force-time integral and the maximum force existed between genders in the various foot regions (fig 7) . Significant differences in contact area existed in the middle forefoot (p,0.0001) and the lateral forefoot (p = 0.001). The contact area was significantly decreased for the men in both foot regions (table 4) . The force-time integral was significantly different between genders in the middle forefoot (p = 0.016) and the lateral forefoot (p = 0.001). For both of these foot regions the men demonstrated a significant increase in the force-time integral when compared to the women (table 4) . Finally, the maximum force was significantly different between genders in the middle forefoot (p = 0.002) and the lateral forefoot (p,0.0001). Similar to the results of the force-time integral, both of these foot regions demonstrated an increase in normalised maximum force for the men when compared to the women (table 4) .
DISCUSSION
In this study, a pressure analysis of the plantar aspect of the foot was obtained while cleated sport athletes performed a side cut, cross-over cut and forward acceleration manoeuvre on an agility course. The results of this study demonstrated significant gender differences in plantar loading during each of the three manoeuvres. Previous literature on plantar pressure distributions during football-specific activities is limited. 10 11 27 28 Recently, two studies by Queen et al 10 27 examined differences in foot loading during different football-specific tasks. Both of these studies focused on the differences in loading patterns between three football-specific tasks and examined the effect of different cleat plate configuration on plantar loading. However, neither article examined the effect of gender on plantar loading.
The results of this study support the initial hypothesis that during the cross-over cut task men would demonstrate an increase in plantar loading and the force-time integral beneath the lateral portion of the foot, specifically in the lateral midfoot and forefoot regions when compared to women. While the current literature provides no absolute thresholds for the development of stress fractures and overuse injuries, the results of this study indicate that the lateral portion of the foot (midfoot and forefoot) is experiencing increased loading in male football players, which could be associated with the increased incidence of fifth metatarsal injuries in men. 7 The second hypothesis was that women would demonstrate a significant increase in plantar loading beneath the medial portion of the foot (medial midfoot and forefoot) during both the acceleration and side cut tasks. This hypothesis was based on previous literature that has indicated that women tend to have an increase in rearfoot eversion when compared to men during both running and cutting tasks. 17221 Contrary to the initial hypothesis, the results of this study indicate that men demonstrate an increase in lateral midfoot and forefoot contact area during the side cut task as well as an increase in the maximum force and force-time integral in the middle portion of the forefoot (fig 5) . One previous study by Pollard et al 29 examined randomly cued cutting in a group of collegiate football players and noted no significant differences in lower extremity kinematics between genders except a decrease in peak hip abduction in the female subjects. While the current study was not examining randomly cued cutting, it is possible that the lower extremity kinematics while completing an agility course are not different between genders. Therefore, future work should be done to examine if gender differences in lower extremity kinematics exist during a side cut task in this population while completing an agility course.
While the expected difference in plantar loading was not observed during the side cut task, it appears that a loading difference existed in the middle forefoot when comparing genders indicating that the men may have an increased risk of forefoot stress injuries when compared to the women. This observation is supported by Sallis et al 9 who reported that men had an increased risk of foot injuries when playing a cleated sport. In addition to the cross-over cut and side cut tasks, this study hypothesised that women would demonstrate an increase in the loading beneath the hallux during the acceleration task, based on the work by Bennett and Duplock 15 and Holmes et al.
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However, the results indicate no difference in the loading Figure 4 Representation of how the regions of the foot were divided for pressure analysis. Definitions of the regions as percentage masks: H, hallux; LFF, lateral forefoot; LMF, lateral midfoot; LT, lesser toes; MDFF, middle forefoot; MFF, medial forefoot; MMF, medial midfoot; RF, rearfoot.
Figure 5
Significant gender (men compared to women) differences during a side cut task by foot region (p,0.04). beneath the hallux during the acceleration task or during the cross-over cut or side cut tasks. The initial work examining gender differences in plantar loading was done during walking and indicated a difference in loading beneath the hallux; however, the fact that no gender differences were observed in this study would indicate again that movement task is important when examining plantar loading.
In addition to understanding the axial loads that are placed on the foot, it is important to understand the shear stress that might exist between the foot and the shoe and the implications of these forces in the development of stress fractures and other injuries. 30 Therefore, a potential limitation of this study is the lack of shear stress data that can be obtained from the in-shoe pressure measurement system. An understanding of the shear stresses that are placed on the foot during these different tasks Figure 6 Significant gender (men compared to women) differences during a cross-over cut task by foot region (p,0.05). could aid in the understanding of potential injury risk. Previous literature has indicated that many factors affect the pressure distribution patterns, including, but not limited to, running speed, shoe design and the type of movement. 10 27 31 32 Therefore, when examining plantar loading comparisons between genders it is important to control for shoe wear as well as movement type and the speed of movement. Another potential limitation of this study was that course speed was not controlled between subjects so as to simulate game conditions better. While movement speed can influence plantar pressure measurements and the speed was not held constant during testing, the dependent variables in this study were examined using speed as a covariate in order to account for the differences in speed between genders.
Future studies could focus on determining if changes in the cushioning properties or stud placement on the football cleats could alter plantar loading and potentially aid in the prevention of gender-specific injuries. In addition to examining these tasks in football cleats, it would be useful to examine the same tasks in basketball and other sports to determine the influence of different types of shoe construction on plantar loading and the potential for foot injuries based on shoe design as well as gender.
